Density functional theory calculations are employed to investigate the energetics of point defects-monovacancy, self-interstitials (tetrahedral, octahedral and dumbbell) and Frenkel pairsin aluminum under tensile hydrostatic stresses. Our study suggests that the defect core-energy of a vacancy, which is governed solely by the electronic-structure at the core, significantly depends on the macroscopic hydrostatic stress, and that this constitutes an important contribution to the formation enthalpy, especially in the regime of extreme tensile hydrostatic stresses. This finding is in contrast to widely used elastic formulations of point defects based on formation volume that ignore the defect core-energy contribution. The formation enthalpies of all point defects considered in the present study monotonically decrease with increasing tensile hydrostatic stress. Further, we find that the formation enthalpies of vacancies and Frenkel pairs are negative beyond critical tensile hydrostatic stresses (9 GP a for vacancies and 12 GP a for Frenkel pairs), which suggests a spontaneous nucleation of these point defects and this has important implications to nucleation mechanisms leading to spall failure. In particular, the present findings suggest two possible defect nucleation mechanisms leading to spall failure: (i) a heterogeneous nucleation of vacancies from defect sources; (ii) a homogeneous nucleation of Frenkel pairs at higher hydrostatic stresses.
I. INTRODUCTION
Point defects play an important role in the nucleation, evolution, and kinetics of larger defects, which in turn govern the macroscopic deformation and failure mechanisms observed in a wide range of metals. For instance, vacancies play a crucial role in dislocation motion [1] [2] [3] , mediating diffusion of various species in crystalline solids 4, 5 , and point defects are also responsible for the hardening phenomenon observed in metals subject to irradiation [6] [7] [8] [9] .
Further, recent studies suggest vacancy nucleation and coalescence as a possible mechanism leading to spall failure in metals subjected to shock loading 10 . The energetics of point defects under extreme tensile hydrostatic stresses experienced during shock loading is one of the central issues in understanding the nucleation mechanisms leading to spall failure in metals.
In order to elucidate this crucial role of point defects in the observed deformation and failure mechanisms in crystalline solids, many efforts have been focused towards understanding the energetics of point defects from electronic-structure calculations (cf. e.g. [11] [12] [13] [14] [15] [16] [17] ). However, excepting a few recent studies 15, 16, 18, 19 , the majority of these electronic-structure studies are restricted to studying their energetics in macroscopically stress-free solids. The role of macroscopic stresses on the energetics of point defects, which is crucial in understanding deformation mechanisms in solids, is often accounted by taking recourse to elastic formulations based on formation volume or volume-tensor 20, 21 . Such formulations account for the interactions between the elastic fields produced by the defect and macroscopic stresses. However, these formulations ignore the effect of macroscopic deformations on the defect-core which is governed by quantum-mechanical interactions at the core.
In the present study, we conduct density functional theory calculations to investigate the influence of macroscopic hydrostatic stress on the energetics of point defects-monovanacy, self-interstitials (tetrahedral, octahedral and dumbbell) and Frenkel pairs-and study the role of the defect-core in determining their overall energetics. As discussed subsequently, the defect core-energy of a vacancy significantly depends on the macroscopic hydrostatic stress in the regime of extreme tensile stresses, and this constitutes an important contribution to the formation enthalpy. These findings underscore the importance of accounting for the defect core-energy in the energetics of point defects, especially in the regime of extreme tensile stresses that are present during spall failure in shocked metals. Further, we find that the formation enthalpies of vacancies and Frenkel pairs become negative beyond critical hydrostatic stresses, which suggests a spontaneous nucleation of these defects beyond these critical hydrostatic stresses and provides new insights into the nucleation mechanisms leading to spall failure.
II. COMPUTATIONAL METHODS
The density functional theory calculations in the present study are performed using the ABINIT software 22, 23 by employing the Perdew-Zunger-Ceperley-Alder (no spinpolarization) local-density-approximation (LDA) 24 for the exchange and correlation functionals. The electron-ion interactions are treated using the projector-augmented wave (PAW) method 25 using the PAW projectors for aluminum available in ABINIT software 26 . A cubic computational domain with face-centered-cubic (FCC) lattice and a cell-size corresponding to a 108-atom system is employed to compute the defect energies. An energy cutoff of 400 eV is used for the plane-wave discretization of wavefunctions, and 6 × 6 × 6 k-points mesh generated by the Monkhorst-Pack scheme 27 is used for the Brillouin zone integration. The discretization errors associated with the chosen plane-wave discretization and Brillouin zone sampling are found to be of the order of 0.01 eV in the computed defect energies. The internal atomic relaxations in the simulations are performed till the maximum force component on any atom is less than 2.5 meV /Å. The volume relaxations are performed until the hydrostatic stress on the simulation cell is within 0.03 GP a of the prescribed hydrostatic stress. We note that previous studies suggest that cell-size effects in the computed defect energies, even in the case of point defects, can be up to 0.05 eV for cell-sizes corresponding to a few hundred atoms 28, 29 . However, as will be evident from the results, the effect of macroscopic hydrostatic stress on the defect energies is much larger than the finite cell-size effects. Thus, using a 108-atom supercell for the computation of the defect energies does not affect the main findings of the present work.
III. RESULTS AND DISCUSSION
In order to study the effect of macroscopic state of stress on the energetics of point defects,
we begin by computing the formation enthalpy of a monovacancy in FCC aluminum as a function of the applied hydrostatic stress. In the present work, we restrict our study to a hydrostatic state of stress as the energetics of point defects like vacancies and self-interestitials, which are dilatational centers, are primarily affected by the hydrostatic component of the stress tensor. Recent studies on the role of macroscopic deformations on the energetics of monovacancy and divacancies also suggest that the volumetric strain associated with any deformation-produced by the hydrostatic component of the stress tensor-is the dominant parameter influencing the energetics of these defects 16, 18 . Further, we restrict our study to tensile hydrostatic states of stress-a regime of interest in understanding the nucleation mechanisms leading to spall failure in metals. Since a hydrostatic state of stress is given by an isotropic tensor, σ ij = σ 0 δ ij where δ ij denotes the Kronecker delta, it is characterized by the normal stress along any direction, σ 0 , which is a scalar quantity. We note that σ 0 is negative of the bulk pressure on the material system. In the present work, we considered hydrostatic stresses up to 12 GP a to compute the defect energetics. We note that the maximum hydrostatic stress which can be supported by FCC aluminum is determined to be 12.95 GP a from the computed equation of state which is shown in figure 1 . 
where Prior calculations have attempted to account for this significant dependence of formation enthalpy on mechanical stresses by resorting to elastic formulations using formation volume 20 and volume tensors 21 . Such formulations describe the elastic interactions between the elastic fields produced by the defect and the macroscopic stresses. However, these formulations do not account for changes in the defect core-energy due to changes in the electronic-structure at the defect-core resulting from macroscopic deformations. In particular, we note that the formation enthalpy of a defect at a given hydrostatic stress is related to the formation energy at the same stress by
, where V f denotes the defect formation volume-the excess volume due to the presence of the defect, measured with respect to a perfect crystal containing the same number of atoms at the same stress state-and E f denotes the formation energy. The contribution σ 0 V f (σ 0 ) to the formation enthalpy is elastic in nature. On the other hand, E f accounts for the effects of both the electronic-structure and elastic interactions. The formation energy of a monovacancy at a given hydrostatic stress is given by
where E(N − 1, 1v, σ 0 ) denotes the internal energy of a system comprising of N − 1 atoms and one vacancy computed at a hydrostatic stress σ 0 , and E(N, 0, σ 0 ) denotes the energy of a perfect crystal containing N atoms at the same stress state. In order to delineate the contributions from the electronic-structure and elastic interactions to the monovacancy formation energy, we conduct two sets of simulations: (i) suppressing the internal atomic relaxations;
(ii) allowing for internal atomic relaxations. In the case where internal atomic relaxations are suppressed, the contribution to the formation energy is solely from the electronic-structure, and represents the defect core-energy. Figure 3 shows the formation energy of a monovacancy in the unrelaxed case (defect core-energy) and the relaxed case as a function of hydrostatic stress. It is interesting to note that the defect core-energy significantly changes with applied hydrostatic stress-from 0.78 eV at no hydrostatic stress to 1.07 eV at 10.15
GP a-and increases monotonically with the applied hydrostatic stress. Further, we note that the contribution of elastic relaxations to the formation energy is small compared to the defect core-energy-0.08 eV at no hydrostatic stress and monotonically reduces to 0.01 eV at 10.15 GP a. The monotonic decrease in the elastic relaxations is a result of the monotonic decrease in the forces experienced by the atoms due to the perturbations in electronic-structure created by the vacancy. Figure 3 also shows that the maximum force experienced by the atoms, which is representative of the electronic-structure at the defect-core, changes by an order of magnitude for the range of hydrostatic stresses considered. The present results indicate that the electronic-structure at the defect-core changes significantly with the applied hydrostatic stress. Further, we note that the change in the defect core-energy over the range of hydrostatic stresses represents a significant fraction (∼ 1/3) of the overall change in the formation enthalpy. These results underscores the importance of accounting for the defect core-energy in the energetics of point defects, especially in the regime of extreme tensile stresses that are present in shocked metals. We next study the influence of hydrostatic stress on the energetics of self-interstitials.
We consider the three types of self-interstitials possible in FCC metals, which include the tetrahedral, the octahedral and the dumbbell interstitial. The formation enthalpy of a selfinterstitial is given by
where H(N, 1s, σ 0 ) denotes the enthalpy of a system comprising of N atoms and one selfinterstitial atom at an interstitial site under an applied macroscopic hydrostatic stress σ 0 . Figure 4 shows the formation enthalpy as a function of hydrostatic stress for tetrahedral, octahedral and dumbbell self-interstitials. As in the case of monovacancy, the formation enthalpy of these point defects is significantly influenced by hydrostatic stress. In particular, the formation enthalpies monotonically decrease with increasing hydrostatic stress, and the change is ∼ 1.7 eV over the range of stresses considered in the present study. We also note that the dumbbell configuration is the most stable for the entire range of hydrostatic stresses considered in this study, however, the formation enthalpies of the octahedral self-interstitial are very close to that of the dumbbell self-interstitial for hydrostatic stresses greater than 6 GP a. It is interesting to note that, while the formation enthalpies of the self-interstitials are positive for the range of tensile hydrostatic stresses considered, the formation enthalpy of a monovacancy changes sign and becomes negative for hydrostatic stresses beyond 9 GP a.
This result has important implications on understanding the origins of spall failure in metals exposed to shock loading. Studies show that one possible mechanism of spall failure occurs through void nucleation and growth [30] [31] [32] under tensile hydrostatic stress, which in turn is mediated through vacancy coalescence 10 . However, the mechanisms of vacancy nucleation under shock loading have been elusive thus far. While entropic effects certainly play a role in vacancy nucleation at the high temperatures prevalent in shocked metals, the present results suggest that the effect of mechanical stresses on the energetics of vacancies is equally important. In particular, our study suggests that a spontaneous nucleation of vacancies is possible at hydrostatic stresses beyond the critical stress of 9 GPa, and represents a mechanical instability in the material, where the system prefers to nucleate a vacancy as opposed to accommodating a macroscopically affine deformation on a perfect crystal. We note that at finite temperatures, even below this critical stress, activated mechanisms can result in the nucleation of vacancies. As the formation enthalpy of monovacancy decreases with increasing hydrostatic stress, these results also suggest that it becomes increasingly easier for vacancies to nucleate with increasing hydrostatic stress, and provide a possible explanation for the nucleation of a large concentration of vacancies prior to void formation under shock loading.
However, since vacancies can not nucleate in isolation, such a nucleation mechanism is only feasible at vacancy sources-like grain boundaries and dislocation cores-and represents a heterogeneous nucleation mechanism. Further, a spall failure mediated through vacancy coalescence involves diffusive time scales and is a feasible mechanism for spalling at strain rates of ∼ 10 4 − 10 7 s −1 . However, experimental studies using ultrashort laser pulses (∼ 100 femtosecond (fs)) To this end, we study the feasibility of another possible failure mechanism through the formation of a Frenkel pair-which constitutes a vacancy and self-interstitial pair in close proximity. We considered various Frenkel pairs formed from tetrahedral, octahedral and dumbbell self-interstitials with the vacancy located at the nearest and second nearest lattice site. In the case of Frenkel pairs formed from tetrahedral and octahedral interstitials, for the range of hydrostatic stresses considered, the vacancy at the nearest neighbor recombined with self-interstitials, whereas the vacancy located at the second nearest lattice site was found to be stable. In the case of the Frenkel pair formed from the dumbbell self-interstitial, a vacancy at both the nearest and second nearest neighbor recombined, whereas the vacancy at the third nearest neighbor was found to be stable. Figure 5 shows the schematics for the stable Frenkel pair configurations. The computed formation enthalpy for these stable
Frenkel pairs-the excess enthalpy of the Frenkel pair measured with respect to a perfect crystal at the same stress state-as a function of hydrostatic stress is shown in Figure 6 .
It is interesting to note that the formation enthalpy, as in the case of monovacancy and self-interstitals, monotonically decreases with increasing hydrostatic stress. Importantly, the formation enthalpy for these Frenkel pairs is negative for hydrostatic stresses close to 12 GP a, suggesting that a spontaneous nucleation of these defects is favorable at these hydrostatic stresses. We note that at this critical stress of 12 GP a the bulk modulus is computed to be 15.4 GP a, which implies that the crystal is sufficiently far from the stability limit and that the nucleation of Frenkel pairs is a possible failure mechanism prior to loss of crystal stability. The nucleation of Frenkel pairs constitutes a homogeneous nucleation mechanism, as these defects can nucleate from a perfect crystal and do not require any sources for their nucleation, and is a possible nucleation mechanism leading to spall failure in materials exposed to ultra-short time-scale (fs) shocks.
IV. SUMMARY
To conclude, we find a strong influence of macroscopic hydrostatic stresses on the energetics of point defects in aluminum, which include vacancies, self-interstitials and Frenkel pairs.
Importantly, we find that the defect core-energy, which is governed by quantum-mechanical interactions at the core, is significantly influenced by the state of stress and plays an important role in governing the overall energetics of point defects. Our study suggests that the formation enthalpies of all point defects monotonically decrease with increasing hydrostatic stress. In particular, the formation enthalpy of a monovacancy becomes negative for hy- drostatic stresses greater than 9 GP a and the formation enthalpies of Frenkel pairs become negative for hydrostatic stresses of 12 GP a, which have important implications to nucleation mechanisms resulting in spall failure of metals exposed to shocks. These results suggest that spontaneous nucleation of vacancies from vacancy sources can mediate a heterogenous nucleation of voids from vacancy coalescence leading to spall failure. However, in ultra-fast shocks, where the time-scales are too short for diffusion-limited vacancy coalescence, a homogeneous nucleation of Frenkel pairs can be a possible nucleation mechanism leading to spall failure at higher hydrostatic stresses.
